Seismic performance attributes of multi-story passive and semi-active tuned mass damper (PTMD and SATMD) building systems are investigated for 12-story moment resisting frames modeled as '10+2' stories and '8+4' stories. Segmented upper portion of the stories are isolated as a tuned mass, and a passive viscous damper or semi-active resetable device is adopted as energy dissipation strategy. The semi-active approach uses feedback control to alter or manipulate the reaction forces, effectively re-tuning the system depending on the structural response. Optimum TMD control parameters and appropriate matching SATMD configurations are adopted from a companion study on a simplified two-degree-of-freedom (2-DOF) system. Statistical performance metrics are presented for 30 probabilistically scaled earthquake records from the SAC project. Time history analyses are used to compute response reduction factors across a wide range of seismic hazard intensities. Results show that large SATMD systems can effectively manage seismic response for multi-degree-of freedom (MDOF) systems across a broad range of ground motions in comparison to passive solutions. Specific results include the identification of differences in the mechanisms by which SATMD and PTMD systems remove energy, based on the differences in the devices used. Additionally, variability is seen to be tighter for the SATMD systems across the suites of ground motions used, indicating a more robust control system. While the overall efficacy of the concept is shown the major issues, such as isolation layer displacement, are discussed in details not available in simplified spectral analyses, providing further insight into the dynamics of these issues for these systems.
INTRODUCTION
Tuned mass damper (TMD) systems are often considered as a practical seismic response control solution for flexible structures, such as tall buildings [1] [2] [3] . The main disadvantage of a TMD system is the sensitivity related to the narrow band control and the fluctuation in tuning the TMD frequency to the controlled frequency of a potentially degrading structure. Another limitation of a TMD is the size of the tuned absorber mass. In an attempt to increase the performance of the TMD without incurring the problems noted above, active and semi-active TMD (ATMD and SATMD) systems have been proposed [4] [5] [6] [7] . To overcome the limitation of the TMD mass, various seismic isolation concepts using TMD related principles have been extended to convert a structural system into a TMD system by specially designing the structural system [8] [9] [10] [11] [12] [13] [14] [15] [16] .
As a separate part of the present research, simplified PTMD and SATMD building models were presented and implemented in a system design simulation [17] . In the trade-off parametric study of this approach, the efficiency of spreading stiffness between resetable devices and rubber bearings was illustrated. The end result of this spectral analysis is an optimally-based initial design approach that fits into accepted design methods, and the efficiency of these modified control system and the validity of the optimal designs were demonstrated as the reference for MDOF verification. In the view point of traditional TMD system theory, this alternative approach avoids adding excessive redundant mass that is rarely used.
This paper examines multi-story SATMD building systems that use segregated upper stories as relatively very large tuned masses and semi-active devices to provide robust adaptability to broader ranges of structural response. For this study, the performance of 12-story SATMD building system models are compared with those from the corresponding uncontrolled (No TMD) and PTMD building systems subjected to the suites of probabilistically scaled ground motions. Results are presented using appropriate log-normal statistics so that results can be considered as part of a standard hazard and design framework. The goal of this research is to validate the MDOF analyses, the overall robustness and efficiency of this SATMD design concept in comparison to equivalent, widely accepted passive TMD (PTMD) system.
12-STORY TMD BUILDING SYSTEMS

Structural modeling
To demonstrate the effects of the TMD (PTMD and SATMD) building system, realistic 12-story two-bay reinforced concrete framed structure models have been developed in Ruaumoko [18] . This model was designed originally by Jury [19] according to the New Zealand Loadings Code [20] based on the concept of capacity design. Its strengths were then revised following the changes to the Code made in 1992 [21] .
According to the NZS Code for beam design, all frames share in carrying gravity and seismic-induced loads. Moment redistribution is then carried out using a method developed by Paulay [22] . An effort was made during moment redistribution to allow the full utilization of beam sections by equalizing, if possible, the demand for top and bottom flexural steel at the column face. Thomson [23] increased the dimensions according to data reported by Paulay [24] , because the original design [19] called for unrealistically high reinforcement ratios. The columns above the first level were specified to remain elastic in accordance with the strong column-weak beam concept.
It was assumed that the frame would be required to resist the component of earthquake motion in the plane of the frame only. No torsional effects for the building as a whole were taken into account. The columns above the first level were specified to remain elastic in accordance with the strong column -weak beam concept. A width of the floor slab equal to 12 times its thickness was considered to contribute to the elastic stiffness of the beams. The slab thicknesses were 120mm for the framed structure.
For the PTMD and SATMD systems, the upper two and four stories are isolated respectively. The resulting retrofitted structures are modeled as '10+2' story and '8+4' story structures, as shown in Figure 1 (a). Figure 1(b) shows the schematic of the isolation layer including rubber bearings and viscous damper (PTMD) or resetable device (SATMD).
The natural period of the lower part of the each frame model is 1.52sec for the 10-story structure and 1.19sec for the 8-story structure respectively. The structural damping ratio of each structure is assumed to be 5% of critical damping. The total weight of the TMD building structures (10+2 and 8+4 structures) is 19.2MN (mass ~ 2,000 tones). The dynamic properties of the frames, including modal characteristics are listed in Table 1 , and the building dimensions and member sizes adopted in these models are shown in Table 2 . 
Parametric control of TMD
For the optimum TMD parameters, it was found that the tuning ratio for a MDOF system is nearly equal to the tuning ratio for a 2-DOF system for a mass ratio of µΦ,
where Φ is the amplitude of the first mode of vibration for a unit modal participation factor computed at the location of the TMD [2] . The equation for the tuning ratio is thus obtained from the equation for the 2-DOF system by replacing µ by µΦ.
The TMD damping ratio is also found to correspond approximately to the damping ratio computed for a 2-DOF system multiplied by Φ. Thus, the equation for the damping ratio is obtained by multiplying the equation for the 2-DOF system by Φ.
For the MDOF structures, the practical parameters of the optimal TMD stiffness and the optimal damping coefficient can therefore be derived respectively as 
Figure 2(a) shows the optimum passive TMD tuning and damping ratios against mass ratios of 0 to 1 with 5% of internal damping for 10+2 and 8+4 story models. The optimum values for the 10+2 and 8+2 models examined here have been marked by small squares on the lines at the mass ratios of 0.244 and 0.594 respectively. For the 10+2 and 8+4 models, the masses of the primary structures are 1,640t (10-story) and 1,320t (8-story) , and the amplitude of the first modal vibration, Φ, of 1.343 and 1.309 are adopted, respectively. Figure 2(b) shows the optimum passive TMD stiffness and damping coefficient for the models of 10+2 and 8+4 cases. It can be seen that the gaps between the optimum TMD stiffness lines for the two models are increased with the increase of mass ratio. However, just small gaps can be found between the optimum TMD damping coefficients for the two models. It was noted that under the considered structural properties and the ground excitations, the linear displacement response due to the first mode constitutes approximately 80%~90% of the total displacement response. Thus, the first mode is selected for the designs of the PTMD and SATMD systems. The resulting optimum parameters are listed in Table 3 . The total value of k M2opt is allocated to rubber bearing stiffness and the stiffness of the SA resetable device. The SATMD, having the same stiffness values of the resetable device and rubber bearings, has been chosen and adopted for each structure and earthquake suite (SATMD = k M2opt with an added small coupling stiffness less than 5%). This equivalent combined stiffness was chosen for simplicity and may not represent an optimal SATMD design [25] . However, this stiffness value might represents a good compromise in reducing the response value and bandwidth across the three earthquake suites.
From the parametric results, the design range of effective SATMD system is derived and then adopted as a practical control scheme. Note that a more optimal SATMD parameter combinations may be available. In fact, their control ability is improved when a stiffness lower than the optimal value is used, providing a more robust and effective seismic energy management. The SATMD system provides a better, more robust overall control strategy than PTMD system, especially if the optimum stiffness of TMD is not ideal or perfectly tuned. Semi-active solutions are also not constrained by the optimum tuning stiffness for the TMD like the passive case. Thus, the SATMD system is easier to design as no tuning is required. In contrast, slight "out-of-tuning" in the passive PTMD case can have a significant detrimental effect on the controlled response.
For convenience, a flow diagram of optimal design of MDOF TMD building system by numerical optimization is shown in Figure 3 . From the diagram, it is seen that the TMD parameters are based on the results of the 2-DOF design process. The modified TMD parameters for the MDOF system are applied to the multi-story structures. The dynamic characteristics of the controlled systems are analyzed by modal analysis. Finally, time history analyses using suites of ground motions supplies the individual performance values for the final statistical performance assessment, since the use of a probabilistic format allows for a consideration of structural response over a range of seismic hazards. 
Dynamic characteristics of resetable device
For a given structural configuration, the connections between the segregated (upper) structure and main (lower) structure can be semi-active resetable device for a 12-story SATMD building system, and the design of resetable device is based on the previous results of the system design [17] . For these cases, the maximum device forces are set at 644kN and 1,573kN, which represent the value of 13.8% [26] of the structural weight multiplied by mass ratios of 0.244 (10+2) and 0.594 (8+4), respectively. Figure 4 shows the force-displacement loops for a modeled, ideal SATMD under three different levels of earthquake intensity. This form is denoted a '1-4 device' as it provides damping in all quadrants [27, 28] . All stored energy is released at the peak of each sine-wave cycle and all other motion is resisted [29] . The force-displacement loops show that the force grows linearly with displacement until the maximum displacement is reached. At this point, the force drops indicating that the device has reset. The force then decreases linearly with decreasing displacement until the minimum is reached at which the force jumps to zero again showing that the device has once again reset. These 
No TMD (MDOF) PTMD (MDOF)
kM2opt (Rubber Bearings) cM2opt (Viscous Damper) loops represent basic, idealized resetable device operations [26, [29] [30] [31] .
New results in resetable devices can provide highly customized hysteresis loops [27, 28] . It has introduced a novel device design with independent chambers that disassociates the chamber pressures resulting in control law applications not possible for the original [31] proposed design. For this standard case, devices with up to 1.7MN are already in use in limited numbers for commercial structures [32, 33] . Hence, the devices for this approach may be assumed to be either available or within the possibility to design. 
SATMD (10+2)
-
STRUCTURAL ANALYSIS
Modal analysis
Modal analysis results using Ruaumoko are shown in Figure 5 . The TMD building systems here offer two main modes of vibration, while just one in the 12-story uncontrolled (No TMD) case. Despite having two main modes and thus a system susceptible to receiving larger amounts of input energy from the earthquake, a relatively large portion of the entrapped energy is concentrated on the isolation layer [15] . For the SATMD building systems, the first mode dominates the upper stories and a much smaller magnitude second mode dominates lower stories. Thus the both first and second modes are decoupled by the isolation layer. These results indicate two different methods of dissipating energy. The PTMD dissipates energy via tuned absorption, while the SATMD dissipates energy via enhanced relative motion obtained by decoupling the segments. The parameter of modal participation factor for i th mode is defined as
in which L i is the earthquake excitation factor for i th mode, and M i is the generated modal mass of that mode. Another useful parameter for the modal analysis is the mass participation factor. (6) in which M eff,i is the effective mass for the i th mode and M is the total mass of the building. Because the effective mass indicates the importance of the contribution of the i th mode to the total base shear acting on the structure, the mass participation factor can be an index showing how much of the total mass of the building will contribute in generating base shear in that mode [9] . So, if the mass participation factor of the first mode is much higher than that of the second mode, the first mode can be readily excited by base excitation. Table 4 shows the numerical results of the modal analysis. Second modal participation factors of the SATMD (10+2 and 8+4) building systems are closer to those of first mode and relatively larger than those of the second mode of PTMD. Furthermore, the second mass participation factors of the SATMD building systems are larger than those of the first mode. Therefore, in the SATMD building system, the interaction between the first and second modes is more pronounced and the relatively larger mode and mass participations of the second mode for the SATMD building system may contribute to the further reduction of the overall responses of displacement and base shear responses compared to the PTMD results.
It should be noted that the factor Φ used in Section 2.2 to define an equivalent MDOF optimal TMD stiffness and damping may be less applicable [2] when larger mass ratios are used, as is the case here. Certainly, given Figure 5 , the mode shapes are significantly disturbed from the original No TMD case. However, the validity of the analysis from [2] should hold for two main reasons. First, the mode shapes in Figure 5 are similar up to the break in structural sections, above which the effectively rigid TMD section behaves differently, thus the relative motions up to that point will hold. Second, the tuning used in Section 2.2 is based on modal participation, rather than mode shape specifically, where the 1 st and 2 nd modes still dominate response in this case as well. However, a further, more detailed analysis of this point would be needed to clarify this issue explicitly to ensure no loss of PTMD optimality in the comparison. That said, it should be noted that the SATMD systems are compared to the PTMD systems based on this TMD stiffness so the comparison across systems is equally handicapped. Thus, if this aspect is not optimal, this limitation of the analysis should be mitigated based on the comparison used.
Finally, note that the modal analysis is done including the device stiffness, or device is seen as being on. Hence, Figure 5 shows that, normalization aside, the mode shapes for the system are effectively the same as the No TMD case up to the break between base and TMD portions for PTMD and SATMD. Then the SATMD and PTMD systems have a discontinuity at the isolation layer (see Figure 1) where similar stiffnesses are used. Thus, the PTMD and SATMD systems have highly similar mode shapes. The remaining differences are attributed to the specifics of how the finite element code manages each element type, where the resetable device elements (see Figure 4) are axial elements in their connection between stories transmitting only that axial behavior to the 3 local translations at each story, and the springs for the PTMD are connected directly between all 3 translations.
Time history analysis
The structural analysis is performed using the three (low, medium and high) suites of ground motions from the SAC project [34] . To indicate the spread of results the 50 th (median) and 84 th (median + 1 lognormal standard deviation) percentiles are presented using lognormal statistics [26, 35] . Figures 6-8 show the results of seismic response subjected to the three suites of earthquakes for the No TMD (12-story), PTMD (10+2 and 8+4) and SATMD (10+2 and 8+4) structures. For comparison, the SATMD(8+4)* which used 33% of optimum TMD stiffness (without rubber bearing) is also presented.
The maximum relative displacements, interstory drift ratios, normalized story shear forces (shear forces divided by structure weight) and total accelerations for all floors are calculated as the evaluation criteria of the control effectiveness.
To compare the relative ability of the different TMD building systems at reducing the seismic demands, the 50 th percentile (median) response reduction factor profiles for each suite are presented for the PTMD (10+2 and 8+4) and SATMD (10+2 and 8+4) building systems in series of results presented in Figures 9 to 11 . The multiplicative reduction factors shown in these figures are normalized to the corresponding uncontrolled (No TMD) floor response values. For the response performance indices presented, the reduction factor profiles clearly indicate the advantage of the structural operation of the PTMD and SATMD building systems. 
Seismic performance results
Modal analysis showed that the TMD building systems have the unique modal features to isolate the structure to be controlled effectively and that the resetable device provides a more advanced control function by effectively anticipating the isolation layer response using sensor feedback. Specifically, the PTMD and SATMD response clearly showed a far different dominant structural period of response compared to the uncontrolled case. Hence, the modal response between the TMD systems used shows that the PTMD and SATMD designs developed reduce structural response by different mechanisms, which is an interesting and unique result of its own. From the performance results based on the several response indices, the time history analysis and normalized reduction factor results showed that TMD building systems present significant reductions on the control indices to all seismic hazards. In this respect, the SATMD and the higher mass ratio (8+4) building structures, as compared to the PTMD building system, have shown the attractive results. However, the acceleration response of the PTMD is better than that of the SATMD due to the PTMD damping provided. Despite of this particular point, almost all results show the ability of the SA device and larger mass ratio (8+4) to reduce overall structural response measures. In particular, the reduction of seismic demands for these cases is most pronounced in the 84 th percentile responses. The maximum displacements of each level increase steadily over the height of the level and the control effects of the displacement are proportional as the height of the building. Large displacements can be found at the isolation layer, especially in the SATMD system and this tendency has been expected from the previous modal properties of the almost separated modal responses and the increased participation factor of the second mode [9] . They also maximize the effect of the SA devices to the best effect within this design.
The better control effects of the SATMD and the higher mass ratio (8+4) building structures compared to the PTMD building system can be seen in the response of interstory drift and shear force at mid and higher floor levels. This tendency is increased for the larger intensity, primarily near-field, high suite ground motions. For the interstory drift, the low suite induces median interstory drift demands, as a representative value, of about 0.5%. This value increases to about 1% and 2% under the medium and high suites respectively. For the No TMD (conventional ductile) structure, the location of peak interstory drift occurs in the 9 th floor. For the TMD building structures, however, the interstory drifts are distributed constantly or proportionally over the floor level under the suites. From the statistical response of the interstory drifts and story shear forces, it is apparent that the upper stories above the isolation interface of the SATMD building system are effectively controlled due to the proper interrupting functions of the SA isolation system from the seismic energy. As the earthquake intensity increases the effectiveness of the drift reduction of SATMD becomes more effective, particularly compared to the PTMD. This is because the SATMD is better able to cope with the detuning effects of nonlinear response.
The acceleration responses of the isolated stories of the upper segment have a significant reduction in all cases. The reason for these reductions is that the upper segment is isolated from the main structure, so the base excitation is not transferred to the isolated upper portion directly. However, the acceleration response at the isolation interface of the SATMD system is clearly increased, but these are not felt by the occupants as the floor accelerations are modest at all times. What may be a problem is any equipment/piping etc. hung from the ceiling just below the segmented floor where the high accelerations occur. To solve the problems at the interface between the upper and lower segments, swivel joint or flexible metal/rubber joint, external wall with horizontal slit and deflection-smoothening mechanism have been suggested and installed by Kawamura et al. [36] . Furthermore, Charng [37] suggested three possible means of the linking design at the interface to prevent the occurrence of rocking modes of the structure and to transmit the gravity loads between the two segments.
A final point to note is that the SATMD systems appear more robust in Figures 6-8 in particular. The 50 th and 84 th percentile responses shown have similar displacements. In contrast, as expected the PTMD has generally higher values for the higher percentile response. This result indicates that the SATMD system, given its active component, has a more robust or adaptive affect and thus is more consistent across the suites of ground motions. Note that results are more similar in the high suite case where the resetable devices are saturating and thus providing a more limited impact for these very large events (see Figure 4) . Hence, the overall bandwidth of control (difference between percentiles) is smaller, indicating more consistent performance for the SATMD systems, as detailed in further analyses in [38, 39] .
Overall, the reduction factor profiles show that the TMD systems are more effective under higher intensity of the earthquake used. For the displacement reduction factors, as seen in the previous performance results, the values of relatively large response behavior are seen in the stories above the isolation layer. However, since these large reduction factors of over 1.0 are affected by large displacement at the isolation layer, the displacement within each segment of upper and lower story is relatively small. For the interstory drifts and shear force, the reduction factors of the isolated upper stories clearly indicate the advantage of the structural operation of the SATMD building systems, and the profiles indicate that the closer to the level of the isolation layer, the more less the reduction factor, especially for the medium and high suites. Similar as the previous performance results, the acceleration reduction factor profiles present the better seismic control performances for the upper isolated stories by the SATMD system and for the lower stories by the PTMD system respectively.
A last issue of concern is the displacement across the isolation layer seen particulary in Figures 6-8 . This is an important consideration, given non-linear P-Delta affects that might arise, as well as the need to control the total motion of the upper segmented stories. Figures 6-8 show that the SATMD displaces more than the PTMD, but less than the No TMD case. The SATMD* displaces much further due to its much lower stiffness allowing greater displacement over the isolation layer. However, it should be noted that the resetable devices rely on large displacement to mitigate energy. Thus, the SATMD system is behaving as desired. In contrast, the PTMD systems rely on velocity across the interface and their viscous dampers to mitigate energy. Thus, the systems remove energy far differently.
Given the median SATMD cases presented being similar or smaller than the No TMD cases for the Low and Medium suites, it is not unfair to conclude that such drift over the isolation layer is not necessarily a significant issue. In particular, the very large 65-85% damping ratio provided for the optimum PTMD case may not be feasible in practical cases, resulting in larger PTMD responses and providing a further advantage for the SATMD concept. In fact, a similar result was obtained in a brief analysis of this issue in Mulligan et al [38] . More importantly, [38] showed that simple SATMD control laws, different than the 1-4 law used here and shown in Figure 4 , could provide similar quality of control but dramatically reduce the isolation drift to similar levels as the No TMD or PTMD case, by changing the resetable device feedback control laws to focus on the isolation layer drift as a control metric, rather than the motion of the top base structural story. Hence, the issue, while important, can be managed readily. Further these two case studies have highlighted this issue where the companion spectral analysis was not able to provide the necessary response detail.
Finally, it should be noted that both PTMD and SATMD systems have the same total isolating stiffness, k M2opt , and the PTMD results are optimal, but not necessarily practical. Specifically, the 65-85% damping ratio for the PTMD system might not be really achieved. In addition, perfect PTMD tuning is rare and will affect performance. Thus, similar SATMD results indicate that optimal level solutions can be obtained without resorting to infeasibly large non-linear viscous dampers. Other studies with different stiffness values optimized to each case have shown clearer differences, especially if the PTMD is not ideally or perfectly tuned [38] .
As discussed above, the modes of removing energy are very different for these two approaches to TMD systems. In particular, Table 4 shows that the SATMD systems have longer periods of response for the first mode matched with far different mass and modal participation factors for the first and second modes. More specifically, the second mode participates more in the response of the SATMD than for the PTMD case (60-75% 1 st mode response for the PTMD relative to the second mode, and 50% for the first mode in the SATMD cases in Table 4 ). Additionally, as noted, one system maximizes dissipation via maximizing dissipation across the resetable devices (SATMD), while the PTMD is most effective when velocities across the dissipation layer are a maximum. Hence, the SATMD can be seen to mitigate energy by shifting response across modes and lowering effective structural periods in the response [39] , in contrast to the PTMD which still has a first mode dominant response, as expected. The exact reasons, beyond the modeling used are not fully known and will require greater investigation, but dynamically, it is clear that the two systems remove energy differently both at a device level and, via less obvious mechanisms, over the whole structure.
The overall hypothesis of this research has been that an SATMD system with a similar overall stiffness as a PTMD system can be parametrically optimized to provide good performance that is potentially more robust to tuning errors. Thus, to reduce optimisation variables and optimisation non-convexity and non-linearity, we have initially hypothesized that the optimal PTMD stiffness represents a good or acceptable design baseline. This choice is much like choosing a starting value for any non-linear optimization problem. In this case, we have chosen start value and a parametric optimisation approach to SATMD stiffness contributions to define the variable space and yield a highly computationally efficient and convex approach to designing such systems. Therefore, even though this study does not provide exact design criteria, the aim of this analysis is to statistically quantify the fundamental qualitative benefit of these TMD systems by examining both the efficacy of the segregated structural configuration and the use of resetable devices in that approach. The response features obtained in this linear analysis can be used as the initial design reference for the further studies investigating inelastic seismic response for more realistic nonlinear structures.
Finally, this paper has presented two realistic retrofit or height extension applications that might arise in the design of structures for growing modern cities, as well as for novel new structures. The value of these application examples is primarily in their difference from the companion presentation of spectral analyses. This paper has provided significant insight into the complexities of such systems and their application. In particular, it has shown that at a specific case the response of a given system (e.g. SATMD or PTMD or SATMD*) may be better than the others at the median 50% level for a given ground motion suite, but less effective at the 84% level, as shown in Figures 6-8 and 9-11. This variation highlights the need to do case specific dynamic analyses beyond what is available via simplified spectral analyses. Where spectral analyses have their place in providing overall design guidance and proof of concept, these specific analyses, as presented here, provide greater insight into specific details, their level of import versus traditional fixed design, and the potential for variability across suites of ground motions at a given likelihood of occurrence.
CONCLUSIONS
This research presented a case study on the seismic response of linear multi-story passive and semi-active tuned mass damper building systems under probabilistically scaled suites of earthquake records. Hence, they provide good initial indications of the efficacy of any design approach. To demonstrate the effects of the PTMD and SATMD building systems, 10+2 and 8+4 story, two-bay reinforced concrete framed structures were developed. The optimal parameters of the MDOF structure were demonstrated and a reasonable stiffness allocation to the resetable device and rubber bearings was processed.
The details and results of a set of comparative studies are used to assess the feasibility and effectiveness of such isolation systems. From the results of this comparative study, it is found that the proposed scheme may significantly reduce the seismic response of a structure. For example, the parameters of the interstory drift reduction factors are best reduced by SATMD building system. The acceleration responses of the isolated upper stories have a significant reduction in all cases. The reason for these reductions is that the upper stories are almost isolated from the main structure. However, the acceleration response of main stories is increased due to the operation of resetable device and this point needs to be considered in this type of TMD design. In view of these findings, and the fact that they might be relatively easy to construct using these emerging SA devices, it is concluded that the proposed SATMD building system has the potential to become a practical and effective way to reduce earthquake damage. Thus, these systems merit further studies to examine their advantages and to further develop experimental validation and design solutions, leading eventually to practical initial designs. The development of designs suitable for implementing SATMD energy management systems ensure the proposed research remains focused on outcomes that are immediately useful. All such outcomes will advance the state of the art by providing additional knowledge and capability from which structural designers can draw in developing new structures or retrofitting existing structures. Finally, these outcomes ensure that the overall goal of taking semi-active energy management systems from a status of zero, or occasional highly specialized implementations, to a state where regular implementation may be more immediately practicable.
A trend towards widespread application of seismic isolation in civil engineering is underway. The concept of TMD systems can be equally well utilized for both segmented structure and traditional additional mass systems. As a method of structural retrofit, the additional stories would be added to an existing structure as these stories become a tuned mass, thus alleviating the necessity for additional mass. Furthermore, the segregated TMD building concept appears to hold the promise of modifying the structural configuration of irregular structures that result from non-uniform mass, stiffness, strength, structural form, or a combination. It also extends the technique of base isolation to taller buildings and other types of seismic isolation-based control strategy. Structural control provides an extra mechanism to improve seismic structural performance. For maximum effectiveness, minimal control effort is required to achieve the desired performance goals. Based on this point of view, this research has demonstrated the validity of the realistic PTMD and SATMD building systems for consideration in future design and construction. 
